pstein-Barr virus (EBV) infection is associated with infectious mononucleosis and, rarely, B-cell lymphoproliferative disease, B-cell lymphomas, Hodgkin lymphoma, and nasopharyngeal carcinoma (51, 67) . Although EBV malignancies are linked to latent infection, recent evidence suggests replication may play a more direct role in EBV pathogenesis (39, 58) . Moreover, lytic replication is essential for the continued high prevalence of EBV infection in the human population. During EBV replication, most viral genes are expressed, the EBV genome is replicated by viral enzymes, and infectious virions are produced. This cascade of EBV lytic gene expression is controlled by two viral transcription factors, Zta (Z, ZEBRA) and Rta (R), encoded by the BZLF1 and BRLF1 genes, respectively (50, 61) . Deletion of either BZLF1 or BRLF1 renders the virus incompetent for DNA replication and virion production (21) .
Zta and Rta are transcription factors that activate lytic gene promoters in a temporally controlled manner (47) . Initial Zta or Rta expression activates the Zta (Zp) and Rta (Rp) promoters (1, 23, 64) , as well as those of early genes, which encode proteins involved in viral DNA replication (17, 22) . Late transcription follows DNA replication and can be blocked by inhibitors of DNA replication, such as phosphonoacetic acid (PAA) (37, 38) . Lytic gene promoters vary in their responsiveness to Zta and Rta (61) . Some genes are activated primarily by Rta and others primarily by Zta, and some are synergistically activated by Zta and Rta (15, 21, 25, 26, 41, 46, 57, 61, 65) .
Zta is a bZIP DNA binding protein that activates gene expression by binding to Zta response elements within promoters (6, 20, 24, 44, 54, 72) . Multiple mechanisms have been proposed for Rta promoter activation. Rta consists of an amino-terminal dimerization (amino acids 1 to 231) and DNA binding (amino acids 1 to 280) domain (60) fused to a carboxy-terminal activation domain (amino acids 416 to 605) that interacts with basal cellular transcription factors (32, 59, 60) and the EBV Rta regulator LF2 (8, 9, 33) . Rta activates several promoters through direct binding to cognate DNA at sites called Rta response elements (RREs). In vitro, Rta binds preferentially to DNA containing the sequence GNCCN 9 GGNG, where N can be any base, but the 9-nucleotide spacing appears to be critical (13, 29) . Although this consensus sequence occurs 354 times in the B95-8 genome, only a limited number of RREs have been characterized in the EBV genome. These include Rta binding sites in the BMLF1, BMRF1, BALF2, BaRF1, and BLRF2 promoters (13, 27, 41, 62, 65) , as well as in the BHLF1/BHRF1 promoter (also called the BHLF1/LF3 promoter or the DL/DR enhancer), which is part of the viral origin of replication (oriLyt) (28, 30, 66) . Other Rta-activated promoters apparently lack Rta binding sites. The best-studied examples of these so-called non-RRE promoters are Zp and Rp, the immediate-early gene promoters. Rta activates its own promoter via Sp1 sites, potentially via interactions with the Sp1 binding protein MCAF1 (10, 64) . However, it is not clear whether nuclear Rta is required for Rp activation, and thus the Sp1 sites may instead be downstream of cytoplasmic signaling cascades triggered by Rta expression (10, 33, 56, 64) . Rta activation of Zp requires the Zp promoter element ZII and is thought to be mediated by Rta-dependent activation of cellular signaling pathways in the cytoplasm (1, 16, 71) . Recently, Rta has been reported to bind Zp through the cellular transcription factor Oct-1, which acts as a positive regulator of EBV lytic gene expression (68) . A third example of a promoter that may be activated without direct Rta binding is that of the EBV DNA polymerase (BALF5), which has been reported to require USF and E2F binding sites for activation (55) .
Rta activation of lytic genes is critical for EBV to enter and progress through the viral replication cycle. As described above, Rta appears to activate its target genes through at least two distinct mechanisms. Our previous work suggests that LF2-mediated relocalization of nuclear Rta provides a switch between Rta activation modes, since LF2 specifically inhibits RRE-dependent promoter activation but allows activation of Zp or Rp. This highlights the importance of characterizing which Rta-responsive promoters are downstream of the different activation modes. The fact that the BALF2 RRE does not conform to the GNCCN 9 GGNG consensus, while Rp, which does not require direct Rta binding for activation, contains a GNCCN 9 GGNG consensus site, underscores the limitations of predicting functional RREs and highlights the need for an empirical assessment of Rta binding to DNA. Ideally this method should capture interactions of endogenous Rta with the EBV episome during replication to account for modifications of Rta and the chromatin state of the viral DNA. Therefore, we established a chromatin immunoprecipitation (ChIP) protocol for endogenous Rta in B95-8 cells that were induced for replication, followed by deep sequencing (ChIP-seq) that allowed the genome-wide analysis of Rta DNA binding. Our study represents the most detailed characterization of Rta binding to the EBV genome during replication reported to date, confirms that many previously characterized RREs are bound in vivo, and indicates several more Rta binding sites that are likely RREs.
MATERIALS AND METHODS
Cell culture. 293T is a human embryonic kidney cell line and was cultured in Dulbecco's modified Eagle's medium (Gibco, Grand Island, NY) supplemented with L-glutamine (Gibco), penicillin-streptomycin (Gibco), and 10% FetalPlex (Gemini Bio-Products, West Sacramento, CA). The B95-8 Z-HT cell line was derived by stable expression of Z-HT in the EBV-transformed cotton-top tamarin cell line B95-8 as previously described (42) and was cultured in RPMI 1640 medium (Gibco) supplemented with L-glutamine, penicillin-streptomycin, and 10% FetalPlex. B95-8 Z-HT cells were induced for lytic replication at a density of 3 ϫ 10 5 cells/ml by addition of 300 nM 4-hydroxytamoxifen (4HT) (Sigma, St. Louis, MO). When indicated, viral DNA replication was blocked with 1.6 mM PAA (225 g/ml; Sigma) that was present in the B95-8 Z-HT cell culture medium from the start of 4HT treatment until harvest.
Plasmids. pcDNA3-Rta, pGL3-BALF2p, pGL3-BMLF1p, pGL3-BMRF1p, pGL3-Zp, and pGL3-Rp have been described previously (8, 33) . The BLRF2 (Ϫ349/ϩ28; B95-8 nucleotides 88548 to 88924), BFRF3 (Ϫ727/ϩ128; B95-8 nucleotides 60585 to 61439), and BALF5 (Ϫ376/ ϩ16; B95-8 nucleotides 156859 to 157250) promoters were amplified from B95-8 genomic DNA and cloned into the pGL3 promoter (Promega, Madison, WI). pRL-EF1 was constructed by cloning the human elongation factor 1 alpha promoter into the pRL-null reporter control vector (Promega).
Antibodies. The following antibodies were used for Western blotting: mouse monoclonal antibodies against EBV Rta (8C12, 1:500; Argene, Varilhes, France), EBV Zta (AZ-69; 1:500; Argene), EBV BMRF1 (R3, 1:1,000; Millipore, Bedford, MA), and glyceraldehyde-3-phosphate dehydrogenase (GAPDH) (6C5, 1:12,500; Millipore, Bedford, MA), rabbit polyclonal serum against EBV BLRF2 (SLO25-1, 1:200; generous gift from George Miller, Yale University School of Medicine, New Haven, CT), and rat monoclonal antibody against EBV BFRF3 (VCA-p18, 1:250; generous gift from Jaap Middledorp, VU University Medical Center, Amsterdam, The Netherlands).
Western blot analysis. Total cell lysates were separated by sodium dodecyl sulfate (SDS)-polyacrylamide gel electrophoresis, blotted onto a nitrocellulose membrane, and probed with appropriate antibodies. After extensive washing, horseradish peroxidase-conjugated secondary antibodies (Jackson Immuno Research, West Grove, PA) were applied, and the membrane was washed again, developed with a chemiluminescence reagent (Perkin Elmer, Waltham, MA) and visualized on a Kodak Image Station 4000R system (Kodak Molecular Imaging Systems, Rochester, NY).
Reporter assays. Up to 0.75 g of total DNA was transfected with Effectene (Qiagen, Valencia, CA) into 293T cells grown in 6-well plates. After 48 h, cells were lysed in reporter lysis buffer (Promega) and clarified by centrifugation. Firefly luciferase and renilla luciferase (Dual-Luciferase reporter assay system; Promega) values were measured using an LMax II384 luminescence microplate reader (Molecular Devices, Sunnyvale, CA). Firefly luciferase reporter values were controlled for experimental variability by correction with the renilla luciferase values.
ChIP assays. B95-8 Z-HT cells were treated with 4HT or PAA as indicated. ChIP assays were performed following the Millipore chromatin immunoprecipitation (ChIP) assay kit protocol (Millipore). Briefly, 1 ϫ 10 6 cells per ChIP were fixed in 1% (wt/vol) formaldehyde (Sigma) for 10 min at 37°C, followed by two washes with PBS. Cells were lysed in 1 ml of lysis buffer (50 ] SDS, 1 mM PMSF, 1 g/ml leupeptin, and 20 g/ml aprotinin) and incubated with protein A-Sepharose 4B (Sigma) for 1 h with rotation at 4°C. Protein A-Sepharose was pelleted, and supernatants were used in ChIP experiments. Input DNA (25%) was stored at Ϫ20°C until elution of samples. Four micrograms of monoclonal Rta antibody (8C12) was added per 1 ϫ 10 6 cells, followed by incubation overnight at 4°C with rotation. After incubation, 65 l of salmon sperm DNA-protein A agarose (Millipore) was added to each sample and incubated for 2 h at 4°C with rotation to capture the antibody. Samples were then centrifuged, and protein A beads were washed once with cold lowsalt wash buffer (20 and rotated for 15 min at room temperature. Two rounds of elution of protein-DNA complexes were pooled, and NaCl was added to the samples and inputs to a final concentration of 200 mM NaCl and heated at 65°C for at least 4 h. DNA was purified using the QIAquick PCR purification kit and quantified with the Power SYBR green PCR master mix (Applied Biosystems, Warrington, United Kingdom) using a 7300 real-time PCR system (Applied Biosystems). Purified inputs were serially diluted to 5, 1, and 0.2% and used in real-time PCRs for standardization. The sequences of primers used for real-time PCR are listed in Table 1 .
ChIP-seq. The ChIP protocol described above was scaled up for subsequent Illumina sequencing (ChIP-seq). The large-scale ChIP deviated from the small-scale ChIP as follows. Cells (450 ϫ 10 6 ) were cross-linked, washed, and lysed at a density of 25 ϫ 10 6 cells/ml. Immunoprecipitation was carried out with 160 g of monoclonal Rta antibody (8C12). The immunocomplexes were captured with a total of 900 l of salmon sperm DNA-protein A agarose, which was washed once with each wash buffer and twice with the TE buffer. After elution and DNA purification, libraries were built from the chromatin-immunoprecipitated DNA and from an input sample (0.2%) using the ChIP-Seq DNA sample prep kit (Illumina, San Diego, CA). Single-end reads of 50 bp in length were sequenced on an Illumina HiSeq2000 platform (Illumina). Library preparations and Illumina sequencing were performed by The Center for Cancer Computational Biology, Dana-Farber Cancer Institute, Boston, MA. Sequence reads were mapped to the B95-8 genome using the aligner Mapping and Assembly with Qualities (MAQ) (53) and displayed with a local installation of the UCSC genome browser. Position-specific read depth was calculated by summing the first 36 bp of all forward and reverse reads at each location in the EBV genome. Rta ChIP-enriched regions were identified using the SPP software package (49) with the foreground window size set to 500 bp and a P value threshold of 0.01 (enrichment score). Highconfidence peaks were defined as Rta ChIP-seq peaks with a read depth of at least 600 and an enrichment score of higher than 0.1. Three hundred fifty-four consensus Rta binding sites were identified using the Vector NTI software program (Invitrogen) to search the B95-8 genome (GenBank V01555.2) for the GNCCN 9 GGNG sequence. Rta binding sites were also predicted using a 17-bp position-specific scoring matrix based on oligonucleotides bound by Rta (29) . Matrix scores were calculated as log odds relative to the background, and the higher score (sense or antisense) was assigned for each position. A threshold value of 0.5 predicting 480 Rta binding sites in the B95-8 genome was used for Tables 2 and 3 Quantification of viral DNA amplification by real-time PCR. Cells were resuspended in 75 l of HE buffer (10 mM HEPES [pH 7.9] and 1 mM EDTA) and boiled at 95°C for 5 min. Lysates were digested with 130 g/ml of proteinase K (Sigma) at 37°C for 12 h, followed by proteinase K inactivation at 95°C for 20 min. EBV DNA was quantified with the 7300 real-time PCR system and the Power SYBR green PCR master mix using primers specific for the BMLF1 RRE and corrected with the relative amount of cellular DNA as quantified by real-time PCR.
EMSA. The electrophoretic mobility shift assay (EMSA) was performed as previously described using the BMLF1 RRE probe (8) . EMSA buffer [10 mM HEPES (pH 7.9), 5% glycerol, 0.5 mM EDTA, 1 mM dithiothreitol, 125 M PMSF, 100 g/ml bovine serum albumin (BSA), 40 g/ml poly(dI-dC), 50 mM KCl] was mixed with 1 to 2 ng of probe and 2 g of nuclear extract from transfected 293T cells and incubated for 15 min at room temperature. For supershift assays, 8C12 anti-Rta antibody was preincubated with nuclear extract in reaction buffer on ice for 10 min. Samples were separated on a 5% polyacrylamide gel in 0.5ϫ Tris-borate-EDTA (TBE). The gel was dried and visualized on a PhosphorImager (Molecular Dynamics).
RESULTS

Rta binds to known RREs within early promoters during EBV replication.
In orderto identify sites in the EBV genome bound by Rta during replication, an Rta chromatin immunoprecipitation (ChIP) assay was established. B95-8 Z-HT cells were used for these experiments, since the stable expression of Zta fused to the hydroxytamoxifen-responsive estrogen receptor hormone binding domain (Z-HT) allowed for efficient and synchronous induction of virus replication. Furthermore, this approach ensured that Rta was expressed under the control of its own promoter at endogenous levels. After the addition of 4HT, Rta protein expression was first detected at 3 h, endogenous Zta was observed at 6 h, and the BMRF1 protein, an early gene product, was detected at 9 h (Fig. 1A) . To further assess the activation of EBV replication, viral DNA was quantified by real-time PCR. Significant EBV DNA amplification was not observed until at least 9 h after 4HT addition (Fig. 1B) . At later time points, after DNA replication occurred, we observed an increased background signal in our quantitative PCR (qPCR) assays at the non-RRE control sites (Fig. 1D ). This is not directly attributable to increased DNA levels in the cell, since all ChIP results are expressed relative to input. Instead, this may be caused by the complex branching structures that form during herpesviral DNA replication (70) , which, in combination with the cross-linking used in the ChIP assay, increases the precipitation of EBV DNA distant from Rta binding sites. In order to avoid this effect, we elected to restrict our analysis to early time points. This also ensured that all Rta-DNA interactions characterized were with parental EBV episomes as opposed to interactions with newly synthesized DNA.
Rta ChIPs were performed with B95-8 Z-HT cells that had been treated with 4HT for 6 h (Fig. 1C , black bars) or left untreated (gray bars), and chromatin-immunoprecipitated DNA was quantified relative to input DNA using real-time PCR with primer sets covering the BALF2p, BMLF1p, or BMRF1p RRE (RRE) or control (CTL) sites that were chosen to be 3 to 6 kb upstream of the corresponding RRE and distant from any GNCCN 9 GGNG consensus site. Rta occupancy of all three RREs significantly increased over that of the untreated control, while there was no significant increase of Rta occupancy at any of the control sites (Fig. 1C) . ChIPs with control IgG resulted in consistently low signals (Fig. 1C , white and dark-gray bars). These results indicate that the Rta ChIP can specifically detect endogenous Rta interactions with known RREs in the context of the viral episome during EBV replication. Rta occupancy of the Rp and Zp promoters is low. Although the immediate-early gene promoters Rp and Zp are widely acknowledged to be Rta responsive despite lacking functional Rta binding sites, there is controversy as to whether Rta localization to these promoters is required for their activation. To assess Rta occupancy of these promoters under endogenous conditions, Rta binding to the core promoter sequences (Rp, Ϫ299/ϩ59; Zp, Ϫ221/ϩ13), the minimal regions reported to confer Rta responsiveness, was examined by ChIP assay. This was quantified by real-time PCR for two sites at each promoter (Rp-1, Ϫ86/ϩ3; Rp-2, Ϫ345/Ϫ251; Zp-1, Ϫ80/ϩ13; Zp-2, Ϫ221/Ϫ91) and an additional site, located just upstream of the corresponding core promoter (Rp-3, Ϫ436/Ϫ352; Zp-3, Ϫ346/Ϫ222) (Fig. 2) . Quantitative PCR signals for each of the three Rp sites did not increase significantly during replication ( Fig. 2A) . While there was no significant enrichment at the Zp-3 site, Zp core (Zp-1 and Zp-2) enrichment in Rta ChIPs increased slightly with induction of viral replication (Fig. 2B ). This increase was statistically significant (Zp-1, P ϭ 0.044; Zp-2, P ϭ 0.038) but low compared to the increase at BMLF1p RRE, where the largest increase in Rta occupancy had been observed. Enrichment for Rp and Zp DNA in Rta ChIPs at 3 h (Fig. 2C and D) , was even lower than observed at 6 h, suggesting that the low Rta binding observed at 6 h was not due to a decline from higher levels at earlier times. The Rta occupancy observed at Zp may reflect low-affinity interaction with nonconsensus Rta binding sites or an indirect association of Rta with the promoter. Overall these data suggest that the ChIP assay preferentially detects direct Rta binding to cognate DNA.
Rta ChIP-seq identifies known and novel Rta binding sites in the EBV genome. In order to identify Rta interactions with the EBV genome, a large-scale Rta ChIP was performed, and ChIP DNA as well as a DNA input sample (0.2%) were analyzed by high-throughput sequencing. Approximately 100 ϫ 10 6 and 120 ϫ 10 6 sequence reads were obtained from the Rta ChIP sample and the input sample, respectively; 1.14 ϫ 10 6 ChIP reads (1.1%) and 0.21 ϫ 10 6 of the input reads (0.18%) were mapped to the EBV B95-8 genome and displayed using the UCSC genome browser (http://genome.ucsc.edu/FAQ/FAQlicense.html) (5, 19, 48) . The combined forward and reverse sequence reads mapping to the EBV genome from the Rta ChIP or the input sample are depicted in Fig. 3 . Enrichment or depletion for the Rta ChIP sequences relative to the input was calculated and is displayed as the lower bound of the 95% confidence interval for enrichment using a log base 2 scale (Fig. 3) . Fifteen high-confidence peaks were identified based on a read depth of at least 600 and an enrichment score relative to input higher than 0.1 ( Table 2) . Consistent with the observation that Rta ChIP enriches for Rta cognate DNA, 4 of the 6 tallest peaks corresponded to well-described RREs within the BHLF1/BHRF1, BMLF1, BMRF1, and BALF2 promoters. Further, the relative height of the peaks corresponded to the degree of Rta responsiveness, with BHLF1/BHRF1 being the strongest, followed by the BMLF1 RRE. All but two peaks were within 100 bp of a predicted Rta binding site. The median distance between the peaks and the nearest Rta binding site predicted by a positionspecific weight matrix (27) was only 36 nucleotides (nt), which is highly significant (P ϭ 0.0021) based on the null hypothesis that the peaks are randomly distributed over the EBV genome (Fig.  4A) . Eleven of the 15 high-confidence peaks were tentatively associated with a regulated gene(s) based on being 2 kb or less upstream of its transcriptional start site. Two peaks were located between divergent transcriptional start sites. These included the peak within the known bidirectional BHLF1/BHRF1 promoter as well as a potential bidirectional promoter between BALF2 and BARF1. In agreement with the early time point chosen for the Rta ChIP-seq, EBV genes downstream of peaks were significantly en- Table 2 ). The input track represents the combined tracks of mapped forward and reverse input reads. Sharp peaks were called using the SPP software package (49): the enrichment track shows conservative fold enrichment or depletion of Rta ChIP over the input profile on a log base 2 scale. The conservative fold enrichment reported by SPP is the lower bound of the 95% confidence interval; the depletion is the upper bound of the 95% confidence interval.
riched for early lytic genes (12 out of 13; P Ͻ 0.001) (Fig. 4B) . Except for BGLF3, all genes listed had been previously classified as early genes (77) . Furthermore, there was significant enrichment for genes previously demonstrated to exhibit Rta responsiveness (9 out of 13; P Ͻ 0.01) (Fig. 4C) (7, 31, 35, 41, 46, 55, 57, 73) , suggesting that the observed Rta binding sites are upstream of Rta target genes.
An additional set of 24 peaks met only one of the two selection criteria (read depth of at least 600 or an enrichment score higher than 0.1) and are listed in Table 3 . These may represent loweraffinity Rta binding sites or sites where the chromatin state was not favorable for stable Rta binding. Alternatively, the weaker signal or lack of significant enrichment relative to background may indicate that there is not significant Rta binding at these sites.
An Rta DNA binding domain mutant fails to activate RRE promoters. In order to develop a reagent that could discern whether promoters depend on RRE binding for their activation by Rta, we constructed an Rta DNA binding mutant that fails to bind RREs (Rta K156A), based on a DNA binding mutant described for its Kaposi's sarcoma-associated herpesvirus (KSHV) homologue, ORF50 (12) . As expected, the K156A mutation abolished Rta DNA binding to the BMLF1 RRE in electrophoretic mobility shift assays, and Western blotting confirmed that Rta K156A was expressed at levels similar to those for wild-type Rta (Fig. 5A ). In 
FIG 4
The high-confidence Rta ChIP-seq peaks are within significant proximity of predicted Rta binding sites, and the genes downstream of the peaks are significantly enriched for early genes and for Rta-responsive genes. (A) Histogram of median distance between randomized peaks and predicted Rta-binding sites. Rta binding sites in the EBV B95-8 genome were predicted using a position-weight matrix, and the distances between these sites and 15 randomly distributed peaks were simulated (sample size, 1,000; repeated for 10 times). The empirical P value for 15 peaks to have the observed median distance of 36 bp, which is indicated by the dashed line, is 0.0021 (standard deviation, 0.0012). (B) Contingency table showing the distribution of early and late EBV genes within the 64 early and late EBV genes (Total) profiled by Yuan et al. (77) and within the downstream genes (Peaks) assigned to the high-confidence Rta ChIP-seq peaks (for genes, see Table 2 ). Among the 13 downstream genes, BGLF3 was exempt from the analysis because its gene class has not been determined yet. The P value was calculated using Fisher's exact test. (C) Contingency table showing the distribution of Rta-responsive genes within the 81 EBV genes (Total) profiled by Lu et al. (57) and within the downstream genes (Peaks) assigned to the high-confidence Rta ChIP-seq peaks (for genes and references, see Table 2 ). Among the 13 downstream genes, BARF1 and BFRF0.5 were exempt from the analysis because their Rta responsiveness has not been determined yet. The P value was calculated using Fisher's exact test.
reporter assays, Rta K156A failed to activate the RRE-dependent BALF2p and BMLF1p constructs (Fig. 5B ) but still stimulated Zp or Rp, albeit less efficiently than wild-type Rta (Fig. 5C ). These results indicate that the Rta K156A mutant is completely defective for activation of RRE promoters and somewhat impaired for activation of Rp and Zp, which are upregulated independent of RRE binding. Rta DNA binding contributes to BALF5 promoter activation. The significant Rta occupancy observed at the BALF5 promoter (read depth, 714; 0.47 log enrichment score) was unexpected, since this promoter had been previously reported to be activated indirectly by Rta (25, 55) . Interestingly, the observed Rta binding peak corresponds to a region of the promoter previously demonstrated to confer Rta responsiveness (55) . Rta binding to the BALF5 promoter was confirmed by Rta ChIP followed by quantitative PCR for a BALF5 promoter site (BALF5p-1, Ϫ166/Ϫ82), which is located within the Rta ChIP-seq peak. Rta occupancy was significantly increased at the BALF5 promoter 6 h after 4HT addition, confirming that Rta is present at this promoter (Fig. 6A) . A portion of the BALF5p promoter (Ϫ376/ϩ16), containing the putative RRE (located around Ϫ250 relative to the transcription start site), was cloned into the pGL3 reporter plasmid and tested for Rta activation in reporter gene assays (Fig. 6B) . While wildtype Rta activated the BALF5p reporter 9.9-fold, the Rta K156A mutant activated only 1.7-fold. This fold activation ranks lowest among those of the lytic gene promoters tested for activation by Rta K156A (Fig. 6C ) but corresponds to only a 6-fold reduction in activation, since the BALF5 promoter is activated less strongly by wild-type Rta than either the BALF2 or BMLF1 promoter. Overall, the finding of an Rta binding peak within a known Rta-responsive DNA element and the effect of the K156A mutation are most consistent with BALF5 promoter activation depending at least partially on Rta DNA binding.
Rta interacts with late gene promoters even when DNA replication is inhibited. None of the 15 high-confidence Rta ChIPSeq peaks were located upstream of a late gene, suggesting that Rta may not localize to late gene promoters at early time points in replication. To test whether the activation of late gene promoters requires Rta DNA binding, the responsiveness of BLRF2p and BFRF3p (13, 18, 69) to Rta and Rta K156A was compared in reporter assays (Fig. 7A) . Wild-type Rta activated both reporters robustly (17.5-fold and 13.1-fold, respectively), but activation by Rta K156A was as low as that for RRE-dependent promoters (compare Fig. 5 and 6C ), indicating that these late gene promoters are activated through direct Rta DNA binding. Given this, our failure to observe Rta binding to these promoters at early time points suggests that temporal regulation of Rta may be a mechanism governing sequential gene expression during replication. To further evaluate the binding of Rta to these promoters, Rta ChIP DNA from different time points was quantified by real-time PCR for BLRF2p and BFRF3p. Quantitative PCR signals for two sites in both BLRF2p and BFRF3p did not increase significantly 6 h postinduction of viral replication (BLRF2p-1, P ϭ 0.2; BLRF2p-2, P ϭ 0.1; BFRF3p-1, P ϭ 0.2; BFRF3p-2, P ϭ 0.3), corroborating the Rta ChIP-seq data (Fig. 7B ) that indicate these promoters are not bound by Rta at early time points.
Thus, Rta interactions with late gene promoters at 12 or 24 h were examined; however, a general increase in DNA precipitated with Rta was observed (Fig. 1D ) at these times, likely due to the amplification and branching of viral DNA. Therefore, Rta ChIPs were performed with B95-8 Z-HT cells that had been induced for lytic replication for 24 h in the presence of 1.6 mM PAA, which efficiently abrogated viral DNA replication as observed in the ChIP input DNA quantification (data not shown). PAA treatment did not affect Rta or Zta protein expression but slightly reduced BMRF1 protein levels compared to those seen in the absence of PAA (Fig. 7C) . In the presence of PAA, BLRF2 expression was dramatically decreased and BFRF3 expression was abrogated, confirming that expression of these late genes depends on DNA replication (Fig. 7C) . Twenty-four hours after induction of replication with 4HT in the presence of PAA (Rta ChIP PAA/4HT), we detected a significant increase of Rta occupancy at the two sites within both BLRF2p (BLRF2p-1 and BLRF2p-2) (P Յ 0.01) and BFRF3p (BFRF3p-1 and BFRF3p-2) (P Ͻ 0.01) compared to results for uninduced cells treated with PAA only (Rta ChIP PAA/Ϫ) (Fig. 7D) . In contrast, Rta occupancy at a site (CTLsite) distant from any GNCCN 9 GGNG consensus sites did not increase significantly (P ϭ 0.07) (Fig. 7D ). These data suggest that Rta interaction with late gene promoters is delayed compared to its binding of early promoters. Since BFRF3 was not expressed in the presence of PAA despite significant Rta recruitment to its promoter, we conclude that Rta interaction with this late gene promoter is not sufficient for its activation.
DISCUSSION
In this article, we present a detailed characterization of Rta binding to the EBV genome during viral replication. The Rta ChIP-seq during early replication identified 15 high-confidence binding sites within the B95-8 genome ( Table 2) . Four of these peaks correspond to the BHLF1/BHRF1, BMLF1, BMRF1, and BALF2 promoter RREs (13, 41) and represent the first demonstration that these sites are occupied by Rta during early EBV replication ( Fig.  1C and 3) . The lone early gene RRE for which we did not observe a peak was the BaRF1 promoter. This may be due to the weak Rta responsiveness of this element, since we observed a correlation between responsiveness and read depth in our ChIP-seq. Alternatively, this element may not be bound by Rta during EBV replication. The status of the BaRF1 element as an RRE rests on its ability to bind Rta in EMSAs and to confer Rta responsiveness to the heterologous E4 promoter, but this does not guarantee that the chromatin state of this element in the replicating EBV genome is conducive to Rta binding (13) . Seven of the remaining 11 Rta (A) Electrophoretic mobility shift assay (EMSA) comparing binding of Rta(1-550) K156A and Rta(1-550) to the BMLF1 RRE probe. EMSA was performed as previously described (8) . Rta binding activity is indicated (filled arrow; Rta) and confirmed by supershifting (nonfilled arrow; SS). This activity was competed with excess cold probe (BMLF1wt) but not by the probe with the RRE site mutated (BMLF1mut) or by an oligonucleotide derived from the BALF2 promoter lacking a consensus RRE (BALF2wt). Cellular, Rta-independent binding activities are marked with a bracket on the right side. Nuclear extracts for the EMSA were prepared from 293T cells transiently transfected with plasmids expressing Rta 1-550 wt or K156A. Deletion of the C-terminal 55 residues of Rta has been shown to enhance RRE binding in EMSAs (13) . Rta expression levels were confirmed by Western blotting of nuclear extracts (bot- ChIP-seq peaks were near the potentially regulated genes BFLF2, BFRF0.5, BORF2, BBLF2/3, BGLF4, BGLF3, and BALF5. The following observations support the assertion that the Rta binding sites upstream of these genes are strong RRE candidates. First, the ChIP technique applied here enriches for direct Rta DNA-binding events. While known Rta-binding sites were reliably detected, the unbiased Rta ChIP-seq did not detect Rta interactions with Rp or Zp. Small-scale ChIPs confirmed the limited Rta presence at these promoters. These results do not exclude indirect Rta interactions with Zp or Rp (10, 68) but suggest that our Rta ChIP assay preferentially identifies direct Rta-DNA interactions. Additionally, the Rta ChIP-seq peak centers are significantly closer to in vitro Rta-binding consensus sites than expected for a random distribution of peaks, providing in vivo evidence for the GNCCN 9 GGNG consensus (29) . Finally, our data establish a correlation between Rta binding and transactivation, because genes downstream of the Rta ChIP-seq peaks are significantly enriched for known Rta-responsive genes.
To test the hypothesis that the novel Rta binding sites in the EBV genome are RREs, we focused on the DNA polymerase promoter (BALF5p). Two Rta-responsive regions of BALF5p had been previously reported: an upstream element in which USF sites at Ϫ795/Ϫ786 appear to be critical and a downstream element at Ϫ239/Ϫ138, in which E2F sites at Ϫ186/Ϫ170 are important (25, 55) . The peak of Rta binding within the downstream (Ϫ239/ Ϫ138) element seen in our ChIP-seq analysis was unexpected and suggested that Rta may directly activate this promoter. To further explore this possibility, we first confirmed Rta occupancy of BALF5p at the Ϫ239/Ϫ138 site using local ChIP assays (Fig. 6A) . Analysis of this BALF5p region (Ϫ376/ϩ16) demonstrated that its Rta responsiveness is abrogated by the K156A mutation, implying that activation of this element is dependent on Rta binding directly to DNA (Fig. 6B) . The inability to observe direct Rta binding to this element previously may be the result of an incompletely understood, but well-documented, inhibitory effect of the C-terminal 55 amino acids of Rta in EMSAs (8, 13, 14) . While Rta may also activate BALF5p through cellular transcription factors, our observations suggest that the proximal part of BALF5p (Ϫ376/ ϩ16) in fact contains an RRE.
Our study represents the most complete characterization of early gene promoter RREs undertaken to date. Based on our capture of 4 of the 5 early gene RREs and a large number of peaks upstream of Rta-responsive early genes, we conservatively estimate that we have identified at least half of all early promoter RREs. This supports the concept that direct DNA binding is the most important mode of Rta early promoter activation in early replication. Since LF2 sequesters Rta outside the nucleus (33) and prevents Rta from binding to cognate DNA (8), we predict that LF2 decreases activation of most of the Rta-dependent early genes. In contrast, LF2 does not inhibit Rta-mediated activation of Rp or Zp (33), where we detected little or no Rta binding (Fig. 2) . Since LF2 might have a strong impact on Rta binding to early gene promoters, future studies will need to contrast Rta binding observed in LF2-positive genomes with that observed here. In Akata cells, the LF2 transcript becomes detectible at 8 h postinduction (77) . Thus, it is unlikely, for the 6-h time point studied here, that Rta binding to wild-type EBV genomes differs significantly from that observed in B95-8 EBV, used for our experiment (63) .
Although the primary goal of this study was to characterize Rta binding to the EBV genome during early replication, our results yielded important insights regarding late gene promoter regulation. Previous work has shown that EBV late gene regulation, like that of alphaherpesviruses, is determined primarily by sequences near the TATA box and appears to require an origin of lytic rep- reporter constructs from the BLRF2 (BLRF2p) or BFRF3 (BFRF3p) promoter with or without Rta or Rta K156A. Firefly luciferase activities are shown as fold activation over reporter alone and were normalized with an Rta-independent renilla luciferase control. Data are averages for six transfections from three independent experiments, and error bars indicate standard deviations. Western blots of the cell lysates with anti-Rta antibody demonstrate Rta protein expression. (B) Rta ChIP and control IgG ChIP DNA from B95-8 Z-HT cells, which had been induced with 4HT for 6 h (black and light gray bars) or left untreated (gray and white bars), was analyzed by real-time PCR using primers specific for two sites each in the BLRF2 and the BFRF3 promoter (BLRF2p-1, BLRF2p-2, BFRF3p-1, and BFRF3p-2). The locations of these sites are indicated relative to the TSSs and the promoters used in the reporter assays (BLRF2p, BFRF3p); schematic drawings are not to scale. The bar graph represents the amount of DNA precipitated relative to the amount of DNA in the corresponding input sample. Arithmetic means from three independent Rta ChIP experiments and error bars indicating standard errors of the means are shown. Rta ChIP changes were tested for statistical significance using the one-tailed t test for unequal variances, and corresponding P values are depicted. (C) Western blot results from B95-8 Z-HT cells treated with PAA, 4HT, or both for 24 h and lysed in SDS loading buffer. Lysates were analyzed by Western blotting for the indicated EBV proteins. Detection of GAPDH served as a loading control. (D) Chromatin immunoprecipitation of the Rta protein (Rta ChIP). B95-8 Z-HT cells were induced for viral replication by treatment with 4HT for 24 h. PAA was added to 4HT-treated (dashed bars) and untreated (gray bars) cells in order to block viral replication. As positive controls, ChIPs were performed with cells that were induced for viral replication but not treated with PAA (Rta ChIP -/4HT, black bars). Amounts of precipitated viral DNA, as measured by real-time PCR using primers specific to two sites each in the BLRF2 promoter (BLRF2p-1 and BLRF2p-2) or in the BFRF3 promoter (BFRF3p-1 and BFRF3p-2), are shown on the y axis. Locations of these four sites are indicated relative to the TSSs and the promoters; schematic drawings are not to scale. Real-time PCR was additionally performed with primers specific to a control site (CTLsite) distant from any GNCCN 9 GGNG consensus site. The bar graph represents the amount of DNA precipitated relative to the amount of DNA in the corresponding input sample. Arithmetic means from three independent Rta ChIP experiments and error bars indicating standard errors of the means are shown. Asterisks mark statistically significant (P Ͻ 0.05) Rta ChIP changes (Rta ChIP PAA/4HT) relative to the uninduced control (Rta ChIP PAA/-) (one-tailed t test for unequal variances). Control IgG ChIPs were performed in parallel with cells that had been treated with PAA and/or 4HT. lication in cis (2, 36, 74) . Our Rta ChIP-seq did not identify peaks at known Rta-responsive late gene promoters, such as the BLRF2 promoter (2, 18, 65, 69) . At late time points, however, Rta binding to the BRLF2 and BFRF3 promoters could be observed by ChIPqPCR, but this binding was not dependent on new DNA replication. This suggests, in addition to proximal promoter elements responsible for late gene regulation, that Rta binding to late gene RREs is temporally regulated. There must, however, be events downstream of Rta recruitment to promoters that determine late gene expression. These events are possibly most important for true-late genes, such as BFRF3, that absolutely require viral DNA replication in order to be expressed, since Rta recruitment to the BFRF3 promoter was not sufficient for BFRF3 expression (Fig. 7) . The BLRF2 gene belongs to the subclass of late genes, sometimes referred to as delayed-early genes, that are dramatically upregulated after DNA replication but can be expressed even when DNA replication is blocked (34, 43, 77) . In agreement with studies done in the replication-incompetent Raji cell line (65), the BLRF2 protein was detected in our system despite the block of viral DNA synthesis.
Data presented here suggest direct binding of Rta to DNA not only as the most important mode of early gene activation but also as the least likely mode of Rp and Zp activation. Cellular transcription factors that cooperate with Rta in order to activate immediate-early gene promoters have already been characterized (1, 10, 52, 68). These can either be activated by cellular signaling pathways in the cytoplasm or interact with Rta. While the regulation of Zp, Rp, and early genes has been extensively studied, relatively little is known about the regulation of late genes. This study suggests that Rta binding to late promoters is temporally regulated and specific for the late replication cycle, raising the question of how the delayed recruitment of Rta to late promoters is regulated. That synthesis of new viral DNA is not required for Rta interactions with late promoters narrows down the possibilities for cis or trans signals that direct Rta to late promoters (2, 69) . Chromatin changes in the parental episome, viral or cellular gene expression independent of viral DNA replication, Rta modifications, such as sumoylation (11, 33) , or translocation of the episome to nuclear sites, such as PML bodies (3), might play a role in the recruitment of Rta to late gene promoters. Recent studies in murine gammaherpesvirus 68 (MHV68) have demonstrated that late gene expression depends not only on DNA replication but also on a subset of genes present in beta-and gammaherpesviruses but absent in alphaherpesviruses. These viral proteins appear to be essential for RNA polymerase II recruitment to late promoters, and their expression may be required for Rta (ORF50) recruitment to these promoters at late times as well (4, 45, 75, 76) (40) . While different herpesviruses seem to share the cis requirements for late gene timing, the trans signals that contribute to late gene expression appear to differ between the subfamilies, though the mechanisms and advantages of these differences remain to be discovered.
